1. Introduction {#Ch1.S1}
===============

Animal body condition is a crucial factor closely related to many traits, such as reproduction, health, production (e.g., milk) and others. In general, when animals live in a suitable environment, the body condition does not change significantly during the year. A specific situation occurs in dairy cows with various intensity of milk production during lactation, which is reflected in different energy demands. Thus, the body condition of dairy cows can change considerably during one calving interval (period between two births; lactation plus dry period). High energy demands occur in cows during the postpartum period, when milk production intensifies and body fat and energy reserves drop. This period of high milk production is also associated with forthcoming pregnancy. A decrease in the body condition score (BCS) during the postpartum period has been documented by several authors (Roche et al., 2007; Koenen et al., 2001; Friggens et al., 2004). Particularly, Bastin et al. (2010) proved a decrease in BCS during the first part of lactation in Canadian Holstein and Ayrshire cows and the lowest BCS for both breeds after about 60 d in milk. Buckley et al. (2003) also reported that in the period between calving and first service the body condition score declined dramatically. At the same time, these authors state that the BCS should not fall by more than 0.5 units to avoid a negative effect on reproduction traits. In this regard, the authors also found that a substantial reduction in the body condition is associated with a lower pregnancy rate after 42 d (Buckley et al., 2003).

Research on the relationship between the body condition and reproduction has been carried out by a number of research teams and from different viewpoints. Important studies have been focused on animal husbandry (Buckley et al., 2003; Berry et al., 2003; Banos et al., 2007; Cam et al., 2018; Gruber et al., 2018; Makarevich et al., 2018; Ledinek et al., 2019; Ptáček et al., 2017; Tančin et al., 2018), but also on biotechnology, e.g., embryo transfer (Bezdíček et al., 2015; Bezdíček and Louda, 2016), in vitro fertilization (Makarevich et al., 2012b; Chrenek et al., 2015; Oba et al., 2013) and ovarian activity (Makarevich et al., 2012a; Kuźnicka et al., 2016). A number of studies have been also focused on the relationship between the body condition and reproduction from a veterinary point of view, e.g., early embryonic mortality and retained placenta (Qu et al., 2014; Aungier et al., 2014; Berry et al., 2007a, b). A relationship was also determined between BCS and mastitis by Loker et al. (2012), who calculated the average genetic correlation between the BCS and mastitis in Canadian Holstein ($- 0.730$) and the correlation between BCS and metabolic disease ($- 0.438$). These authors reported a higher susceptibility to mastitis in cows with a lower BCS (Loker et al., 2012).

The worsening of the body condition is thus associated with a number of important breeding aspects. The aim of this review is to evaluate the relationship between the body condition and reproduction in cows from different viewpoints: (1) animal husbandry, (2) ovarian activity and the subsequent production of oocytes and embryos, and (3) embryo transfer in dairy cows. The greatest attention is devoted to ovarian activity.

2. The system of body condition score (BCS) {#Ch1.S2}
===========================================

At present, an evaluation of a cow\'s body condition is carried out very effectively using the body condition score (BCS) system based on a five-point (or different, e.g., nine-point) scale. This system allows a subjective evaluation of the body condition and also a subsequent statistical evaluation of the obtained values. For example, in the case of a five-point scale in Holstein dairy cows, score 1 means a severe under-condition, 3 means an optimal condition and 5 a severe over-condition (Wildman et al., 1982; Edmonson et al., 1989; Ferguson et al., 1994). This evaluation is subjective, and therefore the experience of evaluators plays an important role. Thus, there are efforts to develop an objective system of BCS evaluation (Spoliansky et al., 2016; Azzaro et al., 2011; Ferguson et al., 2006). These systems use different types of cameras, not only digital (Bercovich et al., 2013; Bewley et al., 2008) but also thermal cameras (Halachmi et al., 2008).

Currently, the objective evaluation systems are significantly advanced from 2D to 3D (three-dimensional) visualization, allowing for monitoring the animal contours as well (Weber et al., 2014; Shelley et al., 2016; Hansen et al., 2018; Shigeta et al., 2018). There are numerous three-dimensional systems nowadays, but the important thing is to consider their applicability to different cattle breeds. According to Alvarez et al. (2018) it would be appropriate to analyze these parameters specifically for each cattle breed.

3. Body condition of cows from the viewpoint of animal husbandry {#Ch1.S3}
================================================================

Generally, reproduction in cows is evaluated from different viewpoints. Animal husbandry observes the following traits: age at first calving, days between first service and conception, 56 d nonreturn rate at first insemination, length of calving interval, number of inseminations per lactation, and other reproduction indicators that have been analyzed in a number of studies in the past years in relation to various influences, including body condition.

These animal husbandry indicators (traits) are very important and understandable in practice, but they are generally influenced by a number of external or internal factors. For this reason, reproduction research has currently moved into the field of gametes, ovarian activity and embryo production where reproduction begins. Research at this level has enabled the development of biotechnical methods in cattle breeding, especially embryo transfer, in vitro fertilization and embryo culture, as well as technical equipment, e.g., sonography and micromanipulation with gametes.

Most authors agree on the negative genetic correlation between reproduction and BCS in animal husbandry traits. In particular, Bastin et al. (2010) reported negative genetic correlations between BCS and days from calving to first service, days from first service to conception, and open days. For Holstein cows these correlations ranged between $- 0.31$ and $- 0.03$. Positive correlations were found between BCS and a 56 d nonreturn rate at first insemination (Bastin et al., 2010). Based on these results, the authors concluded that in Holstein and Ayrshire cows, a genetically low BCS at early lactation is connected with a longer nonpregnant time and a lower chance of pregnancy after the first service. Similarly, Berry et al. (2003) presented a genetic correlation between BCS and the interval to first services that ranged from $- 0.47$ to $- 0.31$. The correlation between BCS and fertility has been determined in a number of studies (Chebel et al., 2018; Pryce et al., 2001, 2002; Dechow et al., 2001; 2002; Gillund et al., 2001; Domecq et al., 1997; Banos et al., 2007). Many studies also emphasize the nonlinearity of these relationships (Tiezzi et al., 2013).

4. Body condition of cows from the viewpoint of embryo transfer {#Ch1.S4}
===============================================================

In the past years, embryo transfer has become a mastered biotechnology method in cattle. This biotechnique has enriched the research with very important knowledge about a number of factors affecting animal reproduction. These are factors such as temperature stress, the effect of an individual (due to the large number of offspring) and the effect of the lactation stage. The results of embryo production (embryo transfer) were also evaluated in terms of animal body condition.

In this field, Bezdíček et al. (2015) reported that better results in embryo transfer were achieved in Holstein cows with an optimal body condition (BCS 3.0--3.5) than in cows with a tendency to obesity or emaciation. Specifically, the animals divided into three groups according to their body condition (BCS less than 2.9, 3.0--3.5 and above 3.5 points) produced an average number of flushed embryos per flushing as follows: 3.4 ($\pm 0.690$), 4.6 ($\pm 0.917$) and 1.9 ($\pm 1.659$) pieces, respectively. Also, in terms of embryo quality (transferable or degenerated) better results were obtained in cows with an optimal body condition. In the studied BCS groups the following results for the number of transferable (pieces) and the proportion of degenerated embryos (%) were obtained: BCS up to 2.9 (2.58 pieces and 31.05 %), BCS 3.0--3.5 (3.41 pieces and 28.31 %) and BCS over 3.5 (1.66 pieces and 19.07 %), respectively. However, the differences among the groups were statistically insignificant (Bezdíček et al., 2015).

Relationships between fertility and changes in body weight (BCS) were also the subject of the study by Carvalho et al. (2014). The authors divided the cows at the postpartum period into four quartiles (Q) that presented changes (%) in body weight (Q1 indicates the smallest change; Q4 indicates the biggest change). Comparison of groups Q1 and Q4 revealed a higher proportion of transferable embryos (83.8 % vs. 53.2 %) and a lower proportion (9.6 % vs. 35.2 %) and count (0.6 % vs. 2.7 %) of degenerated embryos in the Q1 group (smallest change). In conclusion, the authors concluded that these results are in compliance with the idea that a lower BCS at the time of the first insemination is associated with fertility decline (Carvalho et al., 2014).

The relationship between embryonic losses in dairy cows was studied by Silke et al. (2002). The authors state that changes in BCS in dairy cows are connected with embryonic mortality. It was found that a higher rate of embryonic loss (11.6 %) is associated with a decline in BCS during 28--56 gestation days. With a change in the body condition by $- 1$ point, the regression of embryo loss was 0.211; in the case of an unchanged body condition or change by $+ 1$ point, the probability of embryo loss in cows was 0.065 or 0.018 (Silke et al., 2002).

Kadokawa et al. (2008) studied the relationship between BCS and embryo production in Holstein heifers (Iwate Station, Japan). In this study concentrations of insulin and glucose were also determined. The results showed that heifers with BCS 3.5 showed a lower count of flushed excellent embryos and total number of embryos than heifers with BCS 3.00 or 3.25. Heifers with BCS 2.75 tended ($p = 0.06$) to produce more unfertilized oocytes than heifers with the body condition score 3.25. The results also showed that heifers with BCS 3.5 were hyperinsulinemic (blood insulin concentration was $155.8 \pm 14.0$ pM), while in heifers with BCS 2.75 the insulin concentration was $125.6 \pm 15.1$ pM (Kadokawa et al., 2008).

In general, cows (or heifers) with excellent results in milk production are used for embryo transfer. This technique is mostly carried out at the best farms, and therefore it is highly unlikely to find animals with a poor body condition at extreme values (BCS 1 and 5). In principle, these animals are not used for embryo transfer. Nevertheless, in practice there is an obvious tendency and recommendation to use animals at an optimal body condition (BCS 3) for embryo transfer.

In recent years, research in this area has focused not only on monitoring the number of obtained embryos or their quality, but also on ovarian activity, such as the number of corpus luteum, the size of the dominant follicle and the size of the ovary. Thus, research on body condition influence is focused on ovarian activity (Boland et al., 2001; Makarevich et al., 2011; Sirotkin et al., 2013).

5. Body condition of cows from the viewpoint of ovarian activity, oocyte recovery and embryo production in vitro {#Ch1.S5}
================================================================================================================

A healthy and functional corpus luteum is very important for optimal reproduction. A number of research papers in this field demonstrate that animals with a poor body condition (thin or fat cows) evidence changes in histopathological images of corpus luteum. This is associated with decreased progesterone production. In particular, Makarevich et al. (2012a) found that the average number of active corpora lutea (determined postmortem) was lower in animals with a lower body condition (BCS 1) than in animals with an optimal body condition (BCS 3). This also corresponded to the number of detected corpus albicans. Specifically, the numbers of corpus luteum in BCS 1 vs. BCS 3 were 0.19 vs. 0.37 pieces, respectively; in the case of corpus albicans it was 0.25 vs. 0.38 pieces, respectively. These differences were statistically significant. These authors also reported that no significant differences in the mean ovary area between cows of different BCS groups (BCS 1, BCS 3, BCS 4: 9.40, 7.74, 8.14 cm$^{2}$) were observed (Makarevich et al., 2012a). The size of the ovarian area was also studied by Sirotkin et al. (2013), who reported a smaller ovarian area in emaciated cows (BCS 2) compared to cows with the optimal body condition (BCS 3).

Murphy et al. (1991) found that low dietary intake in beef heifers is associated with a smaller diameter of dominant follicles during the oestrous cycle. The maximum diameter of dominant follicles was significantly smaller ($11.8 \pm 0.1$ mm) in the case of low diet (feeding 0.7 % of body weight in dry matter) in comparison with the heifers fed 1.1 % or 1.8 % of their body weight in dry matter. In this case the diameter of dominant follicles was $13.7 \pm 0.2$ or $13.2 \pm 0.3$ mm, respectively (Murphy et al., 1991).

Beam and Butler (1997) also found that higher fat intake is linked to an increased diameter of dominant follicles. The authors present evidence that cows with a moderate-fat or high-fat diet generate a greater number of follicles ($> 15$ mm) compared to cows with a low-fat diet.

A poor body condition (mainly BCS 1) in cows may even result in the malfunction of ovarian activity in the form of cystic atresia of ovarian follicles (Pivko et al., 2012). Thus, the ratio of cystic atresia increased in the case of emaciated cows (BCS 1 and 2) in comparison to cows with an optimal body condition (BCS 3) (Makarevich et al., 2011; Pivko et al., 2012). The authors in these studies also report that in cows with a very poor body condition (BCS 1) the percentage of ovulated follicles was lower (19.0 %) than in cows with BCS 2 (76.6 %) or BCS 3 (68.7 %). Sirotkin et al. (2013) documented that in cows with a tendency to emaciation (BCS 2) ovarian function may be suppressed by the increased production of the oestradiol hormone.

Kubovičová et al. (2012), using ovaries from 163 cows slaughtered at the abattoir, studied the influence of the animal body condition on the number of follicles on the ovary. The results showed that animals with an optimal body condition (BCS 3) had a significantly higher number of follicles per ovary than animals tending to fattening (BCS 4) or an emaciated condition (BCS 1). For each group (BCS 1, BCS 3, BCS 4) the follicle counts were as follows: $13.33 \pm 1.31$, $18.04 \pm 2.66$ and $5.19 \pm 1.24$ pieces, respectively (Kubovičová et al., 2012). Statistically significant differences were found between BCS 3 and BCS 4. Also, in Polish Friesian cows, Nowak et al. (2011) documented a lower mean number of follicles and aspirated oocytes in extremely emaciated cows.

The relationship of body condition to the quality of aspirated oocytes was also evaluated in relation to the in vitro maturation (IVM) outcome. In various BCS groups (BCS 1, 2, 3, 4), Kubovičová et al. (2012) observed a higher proportion of maturable oocytes (number of IVM-grade oocytes compared to the total number of collected oocytes; %) in cows with an optimal body condition than in animals tending to obesity or emaciation. Specifically, the proportion of maturable oocytes was 45.27 %, 48.97 %, 61.27 % and 35.48 % for BCS 1, 2, 3 and 4, respectively. Similarly, comparing the proportion of total mature and suitable oocytes for in vitro fertilization (IVF), a higher proportion of oocytes was detected in cows with an optimal body condition (79.85 %, 78.06 %, 96.13 % and 63.63 %, respectively). However, these differences were not statistically significant (Kubovičová et al., 2012).

Another study demonstrated that Holstein cows with an optimal body condition (BCS 3) had a higher quality of aspirated oocytes (oocytes selected for IVM compared to total recovered oocytes; %) than animals tending to emaciation (Chrenek et al., 2015). The results in the groups BCS 1, 2 and 3 were arranged as follows: 43.60 %, 57.60 % and 60.90 %, respectively. The differences compared to the BCS 1 group were statistically significant. This study also performed the evaluation according to actin grades. Actin cytoskeleton was classified into three quality grades (grade I -- the best quality). There were no differences found among body condition groups (BCS 1, 2 and 3) in the proportion of embryos with grade I actin (41.67 %, 53.12 % and 42.86 %). However, summer months proved to be an important factor in the actin cytoskeleton quality (75.00 % of embryos with grade I actin) compared to the autumn or spring season (35.56 % or 28.57 %, respectively) (Chrenek et al., 2015).

The relationship between the body condition and quality of oocytes was also studied by Ruiz et al. (1996). The authors detected a higher proportion of cleaved embryos in cows with an optimal body condition than in animals tending to emaciation. Specifically, the proportion of cleaved embryos in the studied BCS groups (BCS 1, 2 and 3) was 49.1 %, 45.6 % and 61.1 %, respectively. Snijders et al. (2000) also found that better oocyte quality was associated with the optimal body condition of cows, particularly in cleavage rates and blastocyst formation. The authors state that in cows with BCS 1.5--2.5, the average number of collected oocytes was $7.0 \pm 1.8$ vs. $8.5 \pm 1.48$ in the BCS 3.3--4.0 group; the cleavage rate was 61.9 % vs. 75.7 % and the blastocyst rate (cultured from oocytes) 3.0 % vs. 9.9 %, respectively (Snijders et al., 2000).

The presented studies demonstrate a significant influence of the body condition of cows on their ovarian activity. The abovementioned literary sources are mainly focused on Holstein cattle, but the relationship between the body condition and reproduction traits has also been studied in other breeds, including local breeds. Thus, Fihri et al. (2005) studied the relationship between BCS and ovarian activity in different breeds in Morocco (Oulmès-Zaër breed, Holstein, crossbreeds). They reported a lower number of follicles per ovary and lower oocyte quality in animals with a lower body condition (BCS 2). Particularly, the average number of follicles, 22.98 (17.30, 23.80 and 37.83), was counted in cows with BCS 2, 3 and 5 (overall mean), and the average number of good-quality oocytes was 2.03 (1.07, 2.39 and 4.30, respectively) (Fihri et al., 2005).

Similarly, Domínguez (1995) studied the effect of animal body condition on the follicle number and oocyte quality in 449 cows (zebu, European breed, crossbred). Significant differences were found in the oocyte quality. In cows with BCS 1, 3 and 5, 16 %, 40 % and 42 % of proper-quality oocytes were found, respectively (Domínguez, 1995).

6. Conclusion {#Ch1.S6}
=============

This review shows a close relationship between the cow body condition and reproduction traits not only from the viewpoint of animal husbandry parameters (e.g., 56 d nonreturn rate at first insemination, interval to first services, etc.), but also in the relationship to ovarian activity (e.g., oocyte recovery and in vitro embryo production). In general, most authors agree that the worsening of the body condition towards under-condition or over-condition is associated with worse results in embryo transfer (number and quality of embryos) and in vitro procedures (number and quality of aspirated oocytes). Therefore, it is necessary to pay better attention to the body condition of animals because this is an important factor affecting reproduction at the ovarian level.
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